We assessed the effects of nutrient supply and dietary bulk, both increasing with hay intake, on O 2 uptake and nutrient net fluxes across the portal-(PDV) and mesenteric-(MDV) drained viscera, and the rumen in adult ewes. Four ewes, fitted with a ruminal cannula, with catheters in the mesenteric artery, the portal, mesenteric and right ruminal veins, and with a blood flow probe around the right ruminal artery, were used in a 4 × 4 Latin square design. Treatments consisted of 500 g DM/d hay (LL, low bulk and low nutrient supply), 500 g DM/d hay + infused nutrients (LH, low bulk and high nutrient supply), 750 g DM/d hay + infused nutrients (MH, medium bulk and high nutrient supply), and 1,000 g DM/d hay (HH, high bulk and high nutrient supply). Infused nutrients consisted of volatile fatty acids (VFA) and casein dissolved in salts and infused continuously in the rumen to provide the same amount of metabolizable energy (7.6 MJ/d) and digestible protein (63 g/d) for LH, MH, and HH. Both increases in bulk and nutrient supply increased O 2 uptake in the MDV and PDV. Dietary bulk stimulated mainly blood
Introduction
Tissues of the portal-drained viscera (PDV) of ruminants have a high metabolic activity associated with digestive and absorptive processes, thereby using a large proportion of the O 2 consumed by the whole animal (Huntington, 1999) . Energy demands of the visceral tissues vary with several factors, including state of physiology and level of nutrition (Huntington, 1990;  1362 flow, whereas nutrient supply stimulated mainly O 2 extraction rate. The O 2 uptake by the rumen was not significantly affected by hay intake, although blood flow increased due to nutrient supply. Increase in hay intake had no effects on portal net release of lactate and net uptake of glucose but increased VFA, 3-D-hydroxybutyrate, ammonia, and amino acids (AA) net release and urea net uptake across PDV. The increase in portal nutrient net fluxes with hay intake was entirely related to the increase of nutrient supply for VFA, 3-D-hydroxybutyrate, ammonia, and urea, irrespective of the amount of casein infused for AA. Dietary bulk had no effect on total energy net release in the portal vein. We conclude that despite the increase in portal O 2 uptake, increasing dietary bulk had no significant impact on portal recovery of energy. In ruminal tissues, which were the main site of energy absorption, O 2 uptake appeared low and was not sensitive to dietary manipulation. In contrast, in mesenteric tissues, which contribute poorly to energy absorption with forage diets, O 2 uptake appeared high and very sensitive to dietary manipulation. Ortigues and Doreau, 1995) . Increased intake generally increases both nutrient supply and dietary bulk. The ratio between nutrient supply and dietary bulk can be controlled by the energy density of the diet. Heifers fed a high-forage diet retained less energy than those fed a high-concentrate diet at equal metabolizable energy intake because of higher loss of metabolizable energy as heat energy, and this difference was primarily the result of differences in PDV oxygen uptake (Reynolds et al., 1991b) . A recent summary from the published data in ruminants fed forage-based diets for ad libitum consumption also concluded that dietary bulk of fibrous plants may increase the PDV O 2 uptake (Goetsch, 1998) . Moreover, the tissue mass of the different digestive compartments and their respective contribution to the digestive process vary according to level of feed intake and diet composition. The objective of the present study was to assess whether for a given level of nutrient supply, decreasing dietary bulk may decrease O 2 uptake and increase net fluxes of nutrients across rumen and mesenteric-and portal-drained viscera in ewes.
Materials and Methods

Animals and Treatments
Four adult (3 yr old), nonpregnant, and nonlactating Lacaune ewes (82 ± 5 kg BW at the beginning of the experiment) were used. The experiment was conducted under conditions approved by the national legislation on the care and use of laboratory animals (statutory order no. 87-848, October 19, 1987, Journal Officiel, France) . Animals were surgically fitted with a ruminal cannula (i.d. 60 mm), catheters in the portal, mesenteric and right ruminal veins, mesenteric artery, and with a blood flow probe (3R-series; Transonic Systems, Ithaca, NY) around the right ruminal artery, as described by Rémond et al. (1993a) and Ortigues et al. (1994) . Two mesenteric venous catheters were established, one for sampling and the other for infusion. The sampling catheter was directly inserted into the main arcade of the mesenteric vein, and the tip was located at a point prior to the junction with the gastrosplenic vein. The infusion catheter was inserted into the branch between the major venous arch and the small intestine. The surgery was conducted aseptically under general anesthesia using isoflurane. Catheter patency was maintained by flushing the catheter with physiological saline and filling with heparinized saline every 48 h. The animals were housed in individual cages (1.5 × 1.0 m) in an airconditioned room with controlled temperature (18°C) and 24-h lighting. They were allowed 2 wk to recover from surgery, during which period they were adapted to a hay diet.
Ewes were randomly allocated to a 4 × 4 Latin square design. Treatments (Table 1) consisted of 500 g DM d hay (LL, low bulk and low nutrient supply), 500 g DM/ d hay plus infused nutrients (LH, low bulk and high nutrient supply), 750 g DM/d hay plus infused nutrients (MH, medium bulk and high nutrient supply), and 1,000 g DM/d hay (HH, high bulk and high nutrient supply). Hay was a permanent grassland hay, harvested during the first cycle, containing 82 g of CP/kg of DM, and a ME concentration estimated from chemical composition to 7.96 MJ/kg of DM (INRA, 1989) . Hay was given every 3 h in eight equal meals beginning at 0900 with an automatic feeder. Infused nutrients consisted of VFA and casein infused continuously into the rumen to provide the same total amount of ME (7.6 MJ/d) and digestible protein (63 g/d) for LH, MH, and HH, including ME from hay. It was assumed that VFA production rate corresponded to 73% of ME intake (Bergman, 1990) . The VFA solution was a mixture of acetate, propionate, and butyrate with a molar percentage of 70:20:10; it was prepared in water containing 0.2 M NaOH and 0.8 M KOH. The casein solution was prepared by dissolving casein in water containing 1.2 g/L of Na 2 CO 3 . In all treatments, hay was supplemented with urea (17.1 g/kg of DM hay) infused continuously into the rumen. For each treatment, the total daily infusion rates of water, Na + , and K + averaged 3,000 mL, 300 mmol, and 1,200 mmol, respectively. The animals also were given 10 g/d of a mineral supplement (Ca:P:Mg = 15:10:2%) containing vitamins and microelements and had free access to water and block salt.
Sampling and Analysis
Blood sampling was performed after a 2-wk adaptation period for each treatment. On the sampling day, a physiological sterile saline solution (pH 7.4) containing p-aminohippuric acid (PAH, 10% wt/vol) was continuously infused into the distal mesenteric vein catheter (7.2 mL/h), following a prime injection (2.25 mL) at 0830 to allow determination of portal and mesenteric blood flow by downstream dilution. The ruminal blood flow probe was connected to an ultrasonic transit time flowmeter (Transonic Systems) for continuous recording of the blood flow in the right ruminal artery. Blood samples were withdrawn simultaneously from artery, ruminal, mesenteric, and portal veins during two successive feeding cycles (i.e., 6 h). Sampling started at 0915 (i.e., 15 min after a meal). Samples were slowly taken into blood syringes containing EDTA-K as anticoagulant for PAH (30-min intervals), metabolite and packed cell volume (60-min intervals) determination, and into heparinized gas-tight syringes for O 2 determination (60-min intervals).
Immediately after sampling, the heparinized gastight syringes were sealed, kept on ice, and O 2 in blood was measured with an oxygen meter (Strathkelvin Instruments, Glasgow, Scotland) according to Tucker (1967) . Blood (100 L) was injected into a large gastight glass syringe containing 5 mL of degassed potassium ferricyanide solution (6 g/L, near 25°C) and mixed with a small magnetic bar. The mixture of ferricyanide solution and blood was then allowed to run through the electrode chamber, where the O 2 tension was measured at 25°C. The O 2 concentration of the blood sample was calculated from the increase in O 2 tension measured in the mixture. The standard curve between increase in O 2 tension and O 2 concentration was established by measuring O 2 tension in the O 2 -saturated water at a known temperature and air pressure. Packed cell volume was determined by centrifuging blood in capillary tubes. Ammonia, urea, PAH, and hemoglobin in blood were determined by the phenolhypochlorite (Weatherburn, 1967) , diacetylmonoxime (Marsh et al., 1965) , N-α-naphtyl ethylene diamine dichlorhydrate (Bratton and Marshall, 1939) , and cyanmethemoglobin automated methods, respectively, using a continuous Autoanalyser (Alliance, Méry-surOise, France) as described by Rémond et al. (1993a) and Isserty et al. (1998) . Enzymatic determinations of 3-hydroxybutyrate (Barnouin et al., 1986) , glucose (Merckotest kit, Merck, Nogent-sur-Marne, France), lactate (BioMérieux SA kit, Marcy-l'Etoile, France), and NEFA (Wako kit, Biolyon, Lyon, France) in plasma were performed using a multianalyzer (Elan, MerckClevenot, Nogent-sur-Marne, France). After an extraction derived from Brighenti (1997) by deproteinization with 0.26 volumes of metaphosphoric acid (40%, wt/ vol, Prolabo, Fontenay-sous-Bois, France), VFA in blood were analyzed by gas chromatography with 2-ethylbutyric acid as internal standard, as described by Nozière et al. (2000a) . After adding 0.1 volume of norleucine (1.25 mM) as an internal standard, blood was deproteinized with 0.1 volume of sulfosalicylic acid (40%, wt/ vol), and amino acids were analyzed by ion-exchange chromatography on the physiological column of a Beckman autoanalyzer (model 6300, Beckman Instruments, Palo Alto, CA).
On the same day of blood sampling, samples of ruminal fluid were withdrawn at 0850, 1100, 1300, and 1450, via the ruminal cannula using a tube placed in the ventral sac. The pH was immediately measured using a combination electrode. The osmotic pressure was determined on two pooled samples (0850 and 1450, 1100 and 1300; i.e., before and 1 to 2 h after feeding, respectively), with a vapor pressure osmometer (Knauer D1000, Berlin, Germany). After adding 0.1 volume of orthophosphoric acid (5% vol/vol) to the same pooled samples for conservation, VFA were determined by gas chromatography using 4-methylvaleric acid as an internal standard (Jouany, 1982) and ammonia was determined colorimetrically by the phenol-hypochlorite automated method (Weatherburn, 1967) .
Calculation and Statistics
Blood flow through mesenteric-and portal-drained viscera were calculated as described by Katz and Bergman (1969) . Total ruminal blood flow was estimated to be twice the blood flow in the right ruminal artery, according to Rémond et al. (1993b) . Plasma flow was calculated from blood flow and packed cell volume as described by Nozière et al. (1998) . Net fluxes of metabolites and O 2 across PDV, MDV, and rumen were calculated as described by Katz and Bergman (1969) and Early et al. (1987) for the net whole blood exchange of metabolites across the rumen wall. Positive net fluxes represented net release in the vein, whereas negative net fluxes represented net uptake by tissues. Summation of net release of energy was based on heats of combustion of 876 (acetate), 1,528 (propionate), 2,310 (4-carbon VFA and 3-hydroxybutyrate), 2,838 (5-carbon VFA), 1,368 (lactate), and 2,001 (amino acids) kJ of ME per mole.
Data were analyzed by analyses of variance with a model fitted as follows: y ijk = + animal i + period j + treatment k + e ijk , where y ijk is the response of the i th ewe in the j th period to the k th treatment, with means per animal per period per treatment as the experimental unit. The effects of nutrient supply (LL vs LH) and linear and quadratic effects of dietary bulk (LH vs MH vs HH) were assessed by orthogonal contrast analysis. Significance was declared at P < 0.05 and a trend was considered at P < 0.10. All analyses were performed using the GLM procedure of SAS (SAS Inst. Inc., Cary, NC).
Results
Physicochemical Characteristics of Ruminal Contents
Ruminal pH, ammonia concentration, and molar proportions of propionate and valerate were similar between treatments (Table 2) . Nutrient supply induced an increase in ruminal concentrations of all individual and total VFA, molar proportions of butyrate and isovalerate, and a decrease in molar proportion of acetate. Osmotic pressure and molar proportion of isobutyrate were not affected by nutrient supply. Concentrations of individual and total VFA and molar proportion of isovalerate decreased linearly between LH and HH. The same trend was observed for molar proportion of isobutyrate. A quadratic effect of bulk appeared on osmotic pressure. Molar proportions of acetate and butyrate were not affected by bulk.
Blood Flow and O 2 Uptake
For one ewe, similar PAH concentrations were recorded in both mesenteric and portal venous blood samples, indicating that the tip of the mesenteric sampling catheter in this animal was not in the desired location. The data on mesenteric fluxes therefore were not included in the results for this ewe. For the other three ewes, mesenteric blood flows appeared unstable for some treatments, with similar or lower PAH concentration in mesenteric than in portal vein for many samples, suggesting a nonhomogeneous mixing between cranial and ileocaecocolic blood where the tip of the catheter was located. The mesenteric data presented are thus means of two animals per treatment, which were not the same for each treatment. The comparisons have been limited to the two ewes for which both portal and mesenteric data were available.
Arterial O 2 concentration was similar between treatments (Table 3) . Nutrient supply induced an increase in PDV O 2 uptake, which was achieved by an increase in O 2 extraction rate but not in portal blood flow. The PDV O 2 uptake increased linearly with bulk, which occured mainly by a linear increase in portal blood flow. The same trend was observed on O 2 extraction rate. Nutrient supply and dietary bulk explained 43% (+55.5 mmol/h between LL and LH) and 57% (+72.6 mmol/h between LH and HH), respectively, of the increase in PDV O 2 uptake with hay intake (+128.1 mmol/h between LL and HH).
Nutrient supply induced no significant increase in O 2 uptake in the ruminal tissues, but an increase in ruminal flow rate was observed, whereas O 2 extraction rate was not modified. No effect of bulk was observed on ruminal blood flow, O 2 extraction rate, and uptake. The contribution of rumen to both PDV blood flow and O 2 uptake averaged 12%.
An increase in hay intake induced an increase in MDV O 2 uptake (+73%). It occurred mainly by increasing extraction rate (+38%), and at a lesser extent in blood flow (+24%). Effects of nutrient supply and dietary bulk accounted for 27 and 73%, respectively, of the increase in MDV O 2 uptake. Effect of nutrient supply occurred mainly by increasing portal arterio-venous difference (+28%), whereas effect of dietary bulk occurred mainly by increasing blood flow (+33%). The O 2 uptake by MDV appeared linearly related to bulk. The contribution of MDV to PDV blood flow and O 2 uptake averaged 43 and 49%, respectively.
Arterial Concentrations and Portal, Ruminal, and Mesenteric Net Fluxes of Nutrients
Nutrient supply induced an increase in arterial concentrations of lactate, acetate, propionate, butyrate, valerate, total VFA, urea, and glutamate and a decrease in arterial concentrations of NEFA and glycine (Table  4) . Arterial concentrations of 3-D-hydroxybutyrate, glucose, iso-acids, ammonia, and all individual AA except glutamate and glycine were not affected by nutrient supply. Arterial concentrations decreased linearly with bulk for lactate, isovalerate, and urea and increased linearly for NEFA, valine, arginine, and ornithine. The same trend to increase was observed for leucine and total essential AA. A quadratic effet of bulk appeared Portal net release of each individual and total VFA, 3-D-hydroxybutyrate, ammonia, total energy, and net uptake of urea and glutamate increased with nutrient supply (Table 5 ). The same trend was observed on net release of ornithine and net uptake of glycine. In contrast, portal net release of NEFA decreased with nutrient supply. Portal net flux of proline shifted from net uptake with treatment LL to net release with treatment LH. Portal net fluxes of lactate, glucose, and all individual AA except glutamate, glycine, ornithine, and proline were not affected by nutrient supply.
Portal net release of isovalerate and portal net uptake of glutamate decreased linearly with bulk. The same trend was observed for net release of butyrate. Portal net fluxes of NEFA and all individual AA except methionine, isoleucine, aspartate, glutamine, cysteine, ornithine, and proline increased linearly with bulk. The same trend was observed for asparagine. Portal net fluxes of histidine, nonessential AA, and total AA shifted from net uptake with treatment LL to net release with treatments MH and HH. The same trend was observed for arginine and glycine. Portal net release of acetate, propionate, isobutyrate, total VFA, 3-D-hydroxybutyrate, lactate, ammonia, methionine, isoleucine, aspartate, ornithine, proline, total energy, and net uptake of glucose, urea, glutamine and cysteine were not affected by bulk.
Ruminal net release of each individual and total VFA, 3-D-hydroxybutyrate, and ammonia increased with nutrient supply (Table 6 ). Ruminal net release of lactate, NEFA, urea, and net uptake of glucose were not affected by nutrient supply. Ruminal fluxes of essentiel, nonessential, and total AA shifted from net release with treatment LL to net uptake with treatment LH, but the change did not reach statistical significance. Ruminal net release of acetate, propionate, butyrate, and total VFA decreased linearly with bulk. The same trend was observed for isobutyrate, isovalerate, and ammonia. The ruminal net flux of urea changed linearly with bulk, shifting from net release with treatment LH to net uptake with treatments MH and HH. Ruminal net release of valerate, 3-D-hydroxybutyrate, lactate, NEFA, and net uptake of glucose, essential, nonessential and total AA were not affected by bulk.
Mesenteric net fluxes (means for two ewes) are reported in Table 7 . No clear effect of treatments was evidenced, except for AA. Essential, nonessential, and total AA increased with hay intake. For nonessential and total AA, the mesenteric net fluxes shifted from net uptake with treatment LL to net release with treatment HH. The effect of hay intake was mainly related to dietary bulk for essential, nonessential, and total AA.
Discussion
With this experimental design, it was of importance that changes in hay intake induced a large change in bulk, and that infusions highly increased the amount of energy supply without reducing hay intake or modifying ruminal parameters. For these reasons, a poorquality, late-harvested hay supplemented with urea was used at a low level of intake, so that treatment LL covered only 50% of the animals' maintenance requirements. 
Blood Flow and O 2 Uptake
The portal blood flows were consistent with those calculated with the relationship between ME intake and portal blood flow reported by Rémond et al. (1998) from data published on sheep. The mesenteric data in the present study included drainage from total intestines except cranial duodenum, distal colon, and rectum (i.e., 85% of total mesenteric drainage; Neutze et al., 1994) . Mesenteric blood flow in two ewes accounted for 43% of portal flow, which is consistent with previous observations in sheep (Barnes et al., 1983; Neutze et al., 1994) . The contribution of rumen to portal blood flow accounted, on average, for 13%, which is lower than values obtained using probe (22%, Rémond et al., 2000b) or microsphere (27%, Barnes et al., 1983 ) techniques. However, the ruminal blood flow with HH is in good agreement with data (17.2 L/h) reported by Ré-mond et al. (1993a) in sheep fed hay at similar intake.
The O 2 uptake by PDV has been widely studied in ruminants (Huntington, 1999) , but O 2 uptake in different portions of the gastrointestinal tract is less clear. In the present study, O 2 used by MDV and ruminal wall averaged 49 and 12%, respectively, of the O 2 used by PDV. Similarly, Reynolds and Huntington (1988a) reported that MDV tissues accounted for 51% of PDV O 2 uptake. The in vivo O 2 uptake by ruminal tissues has not been studied previously. Burrin et al. (1990) reported a higher in vitro O 2 consumption rate (per gram of wet tissue) for rumen epithelium than for jejunum in sheep, but the ruminal preparation included only the more metabolically active papillae, whereas the jejunum preparation included both epithelial tissue and the less metabolically active smooth muscle layer. Our results show differences in O 2 extraction rate between rumen, mesenteric, and portal-drained tissues, averaging 28, 38, and 33%, respectively. The O 2 extraction rate by PDV is within the range of values (21 to 40%) reported in the literature (Ortigues and Durand, 1995; Goetsch et al., 1997) in sheep. Similar differences in O 2 extraction rate between tissues have been observed in steers by Reynolds and Huntington (1988a) , who reported an average of 20, 30, and 24% for stomachs, MDV, and PDV, respectively. The lower O 2 extraction rate in the rumen and stomachs may be due to the lower energy cost of absorption and the lower turnover rate (Lobley et al., 1994) in the stomach tissues than in the intestinal tissues.
The increase in hay intake resulted in an increase in both PDV and MDV O 2 uptake, and this increase was related to an increase in both blood flow and O 2 extraction rate. This is in line with Ortigues and Durand (1995) , who reported that increasing hay intake induced a significant increase in O 2 extraction rate by PDV. In this experiment and in the current study, underfed animals were compared to fed animals; thus, the change in O 2 extraction rate may be related to an adaptative mechanism of PDV to underfeeding, which could buffer the nutritional challenge imposed on peripheral tissues by reduction in energy intake. In contrast, no significant effect of intake on PDV O 2 extraction rate has been reported on most studies conducted above maintenance (Burrin et al., 1989; Reynolds et al., 1991b ).
An increase in hay intake increases both nutrient supply and dietary bulk. However, the respective effects of these factors on PDV metabolism have been not investigated previously. In our study, portal and mesenteric blood flows appeared mainly related to dietary bulk, whereas O 2 extraction rate appeared mainly related to nutrient supply. Comparisons between highforage and high-concentrate diets at the same ME intake demonstrated a significant (PDV) or nonsignificant (MDV) increase in blood flow when forage proportion, hence dietary bulk, increased (Huntington et al., 1996) . The same trends were observed by others for portal (Reynolds et al., 1991a; Seal et al., 1992) and mesenteric (Seal et al., 1992) blood flows, but the effect of forage proportion failed to reach statistical significance. This may be because both forage and concentrate diets were pelleted in these trials, reducing the effect of dietary bulk on portal and mesenteric blood flows.
Both nutrient supply and dietary bulk were implicated in the increase in O 2 uptake by PDV and MDV, and at the same level of nutrient supply, O 2 use by PDV increased linearly with bulk. Similarly, Reynolds et al. (1991b) reported that at the same level of ME intake, diets with higher forage contents resulted in a greater proportion of oxidative metabolism by gastrointestinal tissues. Goetsch (1998) summarized literature data and also found that dietary bulk of fibrous plants may increase PDV O 2 uptake in ruminants fed forage-based diets for ad libitum consumption. In the present work, 57% of the increase in PDV O 2 uptake with hay intake was attributed to bulk. This may have been overestimated because the amount of AA submitted to intestinal absorption was lower with infusion treatments (LH and MH) than with hay intake (HH), as discussed later.
In contrast with portal and mesenteric energy metabolism, O 2 uptake by ruminal tissues was not significantly increased by hay intake, although an increase in blood flow, which was due to nutrient supply, occurred. Candau (1972) reported in growing animals a specific development of the mucosal layer induced by VFA and ammonia, and of the muscular layer induced by bulk. This, associated with the high irrigation of the mucosal compared to the muscular layer in the rumen (Barnes et al., 1983) , may explain that ruminal blood flow was mainly related to nutrient supply in the present work. Moreover, the passive methods of ruminal absorption (Bergman, 1990 ) may explain the lack of significant effect on O 2 uptake by ruminal tissues.
VFA and 3-D-hydroxybutyrate
Ruminal net release of VFA and 3-D-hydroxybutyrate accounted, on average, for 41 and 54%, respectively, of their portal net release. Although an underestimation of the contribution of ruminal to portal blood flow cannot be excluded in this experiment, the ruminal net release suggested that postruminal compartments contributed to VFA absorption and 3-D-hydroxybutyrate portal net release. Mesenteric data indicated a low contribution to portal VFA and 3-D-hydroxybutyrate release, as previously reported for steers (Reynolds and Huntington, 1988b; Seal et al., 1992; Huntington et al., 1996) . The sum of the ruminal and mesenteric contribution implied that omasum and abomasum contributed substantially to VFA absorption. Nevertheless, effects of treatments on VFA and 3-D-hydroxybutyrate net fluxes were similar in both ruminal and portal beds; thus, only portal fluxes will be discussed.
The amount of VFA infused with treatments LH and MH was calculated according to an estimation of the amount of VFA produced by the fermentation of 500 and 250 g of hay, respectively. The objective was to Because mesenteric data were available for only two ewes per treatment, no statistical analyses were performed. b LL: low bulk and low nutrient supply; LH: low bulk and high nutrient supply; MH: medium bulk and high nutrient supply; HH: high bulk and high nutrient supply. ND: not determined (valerate not quantified in some samples).
provide the same amount of VFA (summation of infused and produced by fermentative processes) for treatments LH, MH, and HH. However, a decrease in VFA concentration in the ruminal fluid was observed from LH to HH. This suggests that the amount of VFA infused was too high, due to an overestimation of the amount of VFA supplied by the fermentation of the hay. The decrease in ruminal and portal net release of VFA from treatment LH to HH may thus be largely related to a decrease in the amount of VFA available for absorption, rather than to a bulk effect. No variation in portal recovery of VFA in response to dietary bulk is thus evidenced in the present work. Seal et al. (1992) reported no effect of forage:concentrate ratio on the portal and mesenteric net fluxes of VFA and 3-D-hydroxybutyrate, using two isoenergetic diets inducing a similar concentration of total VFA and butyrate in the rumen of steers. In their experiment, the diets were pelleted; thus, change in the forage:concentrate ratio may not have induced significant change in dietary bulk. With coarsely ground hay, Huntington et al. (1996) reported decreased mesenteric net uptake and portal net release of acetate when forage proportion decreased in isoenergetic and isonitrogenous diets fed to steers, but the concentrations of VFA in the rumen were not specified.
The amount of infused VFA that does not reach the portal vein probably reflects their metabolization during absorption. The percentage of infused VFA not recovered in the portal vein ranges from 18 to 33% for acetate, 30 to 70% for propionate, and 70 to 90% for butyrate (review of Rémond et al., 1995; Nozière et al., 2000a) . Kristensen and Danfaer (2000) recently sug-gested that these coefficients were overestimated for acetate and propionate, due to a non-negligible sequestration of these VFA in the ruminal microbial biomass of the infused animals. By way of measurement of portal recovery of VFA infused into temporarily isolated, washed reticulorumen of sheep, they found that no acetate, and only 5% of propionate, is metabolized during absorption. In the present work, assuming a PDV uptake of 30% of arterial acetate (Bergman and Wolff, 1971) , the percentage of infused VFA with treatment LH that was not recovered in the portal vein was 0% for acetate, 1% for propionate, and 79% for butyrate. Assuming that the portal absorption of VFA from hay fermentation is linearly related to hay intake (Nozière et al., 2000b) , these percentages with treatment MH can be calculated to be 1%, 0%, and 83% for acetate, propionate, and butyrate, respectively. Although microbial sequestration of VFA could occur in our study, these results also support the assumption that acetate and propionate are not or are poorly metabolized during absorption. The changes in portal net fluxes of butyrate and 3-D-hydroxybutyrate between LL and LH were related to ruminal infusion of butyrate (+12.5 mmol/h), to increase in the arterial supply of butyrate (+0.7 mmol/h), and to a decrease in the arterial supply of 3-D-hydroxybutyrate (−11.3 mmol/h). Assuming a PDV uptake of 14% of 3-D-hydroxybutyrate supplied by artery (Kristensen et al., 1999) , this implies a PDV production of 6.3 mmol/h of 3-D-hydroxybutyrate (i.e., 50% of infused butyrate). This is consistent with the value of 40% reported by Kristensen et al. (1999) .
Glucose and Lactate
Portal net uptake of glucose is classically observed in forage-fed ruminants. In our dietary conditions, the absorption of glucose from the lumen could be assumed to be negligible; thus, net fluxes of glucose could be considered as uptake from the arterial supply. Janes et al. (1985) evidenced no effect of forage:concentrate ratio on uptake of arterial glucose by MDV of sheep, which is consistent with the lack of effect of dietary bulk in the present study. The low net ruminal glucose uptake, which agrees with the data reported by Rémond et al. (1993a) , indicates that the arterial glucose is poorly used by the ruminal tissues.
The portal net appearance of lactate was close to the portal net appearance of propionate in underfed animals and did not increase with propionate infusion or increasing hay intake. Similarly, several studies demonstrated that the lactate production from propionate in PDV seems limited (Casse et al., 1994; Seal and Parker, 1994; Nozière et al., 2000a) and that glucose is a major precursor of lactate in PDV (Weekes and Webster, 1975; Janes et al., 1985; Seal and Parker, 1994) . However, our results confirm, in agreement with Reynolds and Huntington (1988a) , Seal et al. (1992) , and Huntington et al. (1996) , that the mesenteric bed is the main site of glucose uptake, whereas non-MDV tissues are the main sites of lactate net release. This emphasizes that the relationships between metabolism of propionate, lactate, and glucose along digestive tissues have to be clarified.
Amino acids, Ammonia, and Urea
Comparison of the net disappearance of AA from the gastrointestinal tract with their net release in the portal vein of sheep has underlined the importance of mucosal metabolism (Tagari and Bergman, 1978) . In the present work, the portal net flux of nonessential and total AA with treatment LL did not differ from zero, due to a significant net uptake of nonessential AA by MDV. These results are in good agreement with Nozière et al. (2000a Nozière et al. ( , 2000b , who reported that in the shortterm underfed state, the supply of nonessential and total AA to PDV could not keep up with PDV AA expenditure in ewes. Similarly, Neutze et al. (1997) reported that uptake of AA by the small intestine wall exceeded the amount of AA disappearing from the lumen in lambs fed at low intake.
Increasing hay intake induced an increase in the net portal and mesenteric fluxes of most essential and nonessential AA. The portal net fluxes of AA with treatment HH exhibited a classic pattern, characterized by a net uptake of glutamate and glutamine and a net release of other AA. Indeed, in the well-fed state, glutamate and glutamine are the main AA used by PDV for oxidative metabolism (Huntington, 1990) . Moreover, their portal net flux has been shown to be poorly modified by intake (Huntington and Prior, 1985; Nozière et al., 2000b) , which is consistent with the present results.
The infusion of casein with the treatment LH did not significantly modify portal net fluxes of most AA, whereas mesenteric net release tended to increase. This suggests that an increase in AA absorption in the intestines was compensated by an increased use by other tissues drained by the portal vein. In agreement with this suggestion, the ruminal net flux of AA shifted from net release with LL to to net uptake with LH. However, most of the changes in mesenteric and portal net release of AA occurred between treatments LH and HH. At the same time, the ruminal and portal net release of ammonia decreased when treatment was changed from LH and HH. These opposite changes for AA and ammonia absorption may be largely attributable to a decreased availability of soluble N rather than to a specific effect of bulk. Indeed, a large part of the casein infused into the rumen with treatment LH and MH might be rapidly degraded and absorbed as ammonia due to a low availability of energy for microbes, so that the portal net release of AA linearly increased with the amount of hay intake, irrespective of the amount of casein infused.
The present study provides additional information on the partition of nitrogen exchanges across the different tissues of PDV. In underfed ewes (treatment LL), net release of AA was observed, suggesting that the animals were mobilizing protein from the ruminal wall to cover their AA requirement. With treatment HH, net release of AA was observed across MDV, whereas non-MDV tissues acted as net users of arterial AA. The ratio PDV:MDV net fluxes of essential AA observed with treatment HH (0.79) was higher than that reported by MacRae et al. (1997) but close to the one observed by Rémond et al. (2000b) . As reported for sheep fed above maintenance (MacRae et al., 1997) , this ratio was not significantly affected by the DM intake below maintenance. With treatment HH, the ruminal tissue was a net user of all AA, except ornithine, as reported by Rémond et al. (2000b) . Essential AA utilization by the ruminal wall accounted for 28% of the non-MDV uptake with treatment HH, against 22% in Rémond et al. (2000b) in which the MDV preparation was more specific to the small intestine. The AA uptake by omasum plus abomasum may be equivalent to ruminal uptake, as reported by Rémond et al. (2000b) . Therefore, about half of AA net uptake by PDV tissues minus small intestine are probably attributable to stomachs. Lobley et al. (1994) showed that in adult sheep fed at maintenance, total protein synthesis in large intestine was half that in stomachs. These data suggest that the AA uptake by PDV tissues minus the small intestine could be distributed in 50% for stomachs, 25% for large intestine, and the remaining 25% for pancreatic secretions.
Both rumen and MDV contributed to portal ammonia net absorption, averaging 21 and 42% of portal net flux, respectively. The contribution of MDV is in good agreement with previous values, 28 to 52% (average 39%) reported in cattle (Reynolds and Huntington, 1988a; Seal et al., 1992; Huntington et al., 1996) . The changes in ruminal net fluxes of ammonia in the present study were not related to changes in ammonia concentration in the lumen but to changes in ruminal blood flow, which may be explained by the stimulating effect of VFA on ammonia absorption (Rémond et al., 1993a) .
The contribution of MDV to urea net transfer across PDV averaged 42% in our study. This is in line with the very large target found in the literature, ranking from 5 to 67% (average 30%) of urea net transfer across PDV (Norton et al., 1978; Huntington, 1989; Huntington et al., 1996) . In the present work, urea net flux across the ruminal wall shifted from net release with treatments LL and LH to net uptake with treatments MH and HH. The net release with treatments LL and LH could be attributed to production in the rumen wall and(or) to absorption of infused urea. The net uptake with treatments MH and HH consisted of 18% of PDV net extraction. Assuming that net transfert across the rumen wall accounts for 60% of total urea entering the rumen (Norton et al., 1982) , our data are in good agreement with Siddons et al. (1985) , who reported that the total urea entering the rumen (net transfert plus saliva) accounted for 44% of the total flux of urea across the whole digestive tract of sheep fed hay.
Portal Net Release of Energy
In the present experiment, the summation of PDV O 2 net uptake and energy net release as VFA, 3-Dhydroxybutyrate, lactate, and AA accounted for all ME intake (on average 105%) with all treatments. There are few data on simultaneous measurements of PDV O 2 uptake and energy release. In sheep fed at higher intake (8 to 16 MJ ME/d), a total recovery of only 68 to 74% was reported by Lindsay (1993) . The reason why the recovery was lower than 100% remained unclear but was attributed to technical limits in the estimation of blood flow and to lack of accounting absorption of long-chain fatty acids, nucleic acids, and peptides. In the present work, ME intake was determined from measured DM intake and estimated ME content of the hay from chemical composition. An underestimation of ME intake may thus not be excluded and may explain the high portal recovery of 105% ME. This is consistent with the fact that in our study portal blood flow was in the higher part of the targets calculated with the relationship between ME intake and PBF ) from data published on sheep: 104 to 141 L/ h for LL (138 in this study) and 126 to 163 L/h for HH (166 L/h in this study).
The amount of energy released in the portal vein as VFA, 3-D-hydroxybutyrate, lactate, and AA was similar between treatments LH, MH, and HH. We thus conclude that, for a given level of ME intake, reducing dietary bulk did not improve energy absorption, although it minimized PDV O 2 uptake. This may be because ruminal tissues, which are the main site of energy absorption with forage diets, were not sensitive to dietary manipulations, whereas in mesenteric tissues, which contribute poorly to energy absorption with forage diets, O 2 uptake appeared high and very sensitive to dietary manipulations.
Implications
The present study provides a better understanding of PDV metabolism in ruminants. Our results imply that intestines contribute highly to PDV heat expenditure, even with forage diets. In this area, the nutritional interest of increasing the amount of energy absorbed in the small intestine has thus to be enlighted. Further experiments are required for a better understanding of the contribution of rumen and intestinal tissues to PDV metabolism in producing animals, from which intake is higher and the energy density of the diet and the site of starch digestion can be highly manipulated.
